presence of glucosylceramide, which is not found in brain samples on the severe deficiency of glucocerebrosidase activity in leukofrom controls. Pathologic examination of the liver and spleen cytes and cultured skin fibroblasts. When Patient died at 12.5 evidence of disease. The brain showed many years of age, frozen tissues were received after autopsy. The studies degenerative lesions and loss neurons. There was no cOmple-described here confirm the deficiency of glucocerebrosidase activmentation of glucocerebrosidase activity when the cells from this ity in liver, spleen, and brain, but demonstrate that there was no ~a t i e n t were hybridized with cells from patients with Type or storage of glucosYlceramide in spleen or liver; however, there was Type Gaucher disease. The for the lack of glucos~lcer-an increase of this lipid in brain. This is the first case of a patient amide storage in the liver and has been determined. with a deficiency of glucocerebrosidase activity in five different tissue samples and no storage of glucosylceramide in liver or Abbreviations spleen, only in brain. This may be a form of Gaucher disease that 4M-P-gal, 4-methylumbelliferyl-P-D-galactopyranoside has only neurologic symptoms and no visceral involvement. A 4Mu-/3-glc, 4-methylumbelliferyl-PD-glucopyranoside preliminary report of this research has been presented (19) . GD, Gaucher disease glc-cer, glucosylceramide
MATERIALS AND METHODS

GM3-N-acetylneuraminyl-galactosyl-glucosyl-ceramide
Leukocytes and fibroblast cultures were prepared as described previously (16, 17) . Pellets of cells were frozen before assay except Gaucher disease is a group of autosomal recessive genetic in some cases where they were assayed before freezing to rule out diseases resulting from the deficiency of glucosylceramide p-glu-the existence of an enzyme unstable to freezing. All pellets were cosidase (EC 3.2.1.45, glucocerebrosidase) activity (1) . Three clin-homogenized in distilled water in small Dual1 homogenizers ical forms are commonly recognized, although significant differ-(Kontes, Vineland, NJ). The total homogenates were used for all ences in severity are found within each type. The non-neuropathic, assays. Frozen samples of liver, spleen, and brain from controls Type 1, patients present initially with splenomegaly and throm-and Gaucher disease patients were thawed and homogenized in bocytopenia anytime from the first few years of life until the ninth 10 volumes of sodium phosphate buffer (0.01 M, pH 7.0) containdecade. Variable degrees of bone, liver, and lung involvement can ing 0.1 M sodium chloride and 0.5% Triton X-100. An aliquot be found in these patients. The infantile, acute neuropathic, Type was saved and the remainder was centrifuged at 50,000 x g for 30 2, patients usually present with massive hepatosplenomegaly and min. The supernatant was removed and the pellet resuspended in developmental delay within the first few months of life. This the starting buffer. Protein concentrations were determined by the laboratory has diagnosed such a patient 6 h after birth. Continued method of Lowry et al. (7) using bovine serum albumin as progression of the neurologic symptoms, including spasticity, cra-standard. All samples were collected with informed consent. nial nerve dysfunction and mental retardation result in death by
Cell hybridization experiments were carried out by the method 1-2 years of age. The juvenile, subacute neuropathic, Type 3, of Davidson and Gerald (2) . The cells were trypsinized, suspended patients are less well defined clinically, although, symptoms re-in media and counted. Equal numbers of cells to be hybridized lated to splenomegaly, anemia, and neurologic deterioration occur were inoculated into small flasks (20,000 cells/T-25 flask) and during the first decade of life and result in death by the second or allowed to attach for 24 h. The cells were treated with polyethylene third decade. The reason for this clinical heterogeneity is not glycol (Research Poducts International Corp., Elk Grove Village, known (20) .
IL) for 1 min followed by the addition of fresh media. After 48 h the cells were harvested and assayed immediately without freezing.
Beta-glucosidase activity was measured with synthetic substrate, (14) from natural ceramide produced from bovine brain sphingomyelin by the action of phospholipase C. The assays for P-glucosidase were carried out in the presence of sodium taurocholate and oleic acid or Triton X-100 as described previously (16) . Other enzyme activities were assayed with 4MU substrates or radiolabeled natural substrates as described by this laboratory (16, 20) . The lipids in spleen and liver were extracted with 10 volumes of chloroform:methanol (2:l) v/v) and, after filtration through glass wool, partitioned into the lower phase by the addition of one-fifth volume of distilled water. Aliquots were spotted on silica gel thin layer chromatography plates (Merck AG, Darmstadt, West Germany) and chromatographed in ch1oroform:methano1:water (60:35:8 v/v/v). To visualize the glycolipids, the plates were sprayed with orcinol reagent followed by heating at 1 10°C for 10 min. Additional aliquo& were chromatographed and visualized with iodine vapor followed by scraping the glc-cer region from the plate. The lipid was eluted with chloroform:methanol:water mixtures in a glass wool-stoppered pasteur pipette. After drying the solution with nitrogen, the glc-cer concentration was measured using the anthrone method for sugar determination (13) and pure glc-cer as standard. Extractions were run in triplicate and the results are expressed as mg glc-cer per g wet weight. Samples of brain were homogenized in distilled water and an aliquot was removed for protein determination. After lyophilization the lipids were extracted with chloroform:methanol (2: 1 v/v), and after addition of one-fifth volume of distilled water and mixing the lower phase was isolated. Cerebrosides were partially purified on a silicic acid column with a 98% recovery. After drying, the samples were perbenzoylated and subjected to high performance liquid chromatography using a method only slightly modified from that of Ullman and McCluer (15) .
4-methylumbelliferyl-P-D-glucopyranoside
RESULTS
Studies on leukocytes and cultured skin fibroblasts from the two second cousins demonstrated a deficiency of P-glucosidase activity using both natural and synthetic substrates ( n, number.
other enzymes checked were in the normal range. When the younger child died at 32 months, liver and spleen obtained at autopsy revealed excessive storage of glucosylceramide and severe deficiency of P-glucosidase activity as expected from the clinical findings and the enzymatic studies in leukocytes and cultured skin fibroblasts. Gaucher cells were found in the spleen, liver, lymph nodes, bone marrow, lungs, brain and ganglion cells of the submucosal myenteric plexes of the small and large intestine. The older child died at 12.5 years of age from pneumonia. Liver, spleen, and brain were obtained at autopsy. Samples were prepared for pathology and the remainder were frozen until used for enzymatic studies and lipid analysis. Microscopic examination of the brain and spinal cord revealed many degenerative lesions. The spinal cord showed a loss of anterior horn cells, the neuropile had ;loose appearance, and fiber-forming astrocytes were prominent. The cerebellar parenchyma was severely affected. Extensive Purkinje cell loss was associated with a considerable proliferation of Bergmann's astrocytes. The few remaining Purkinje cells showed acute eosinophilic necrosis. The dentate nucleus lost most of its complement of neurons and contained a massive amount of astrocytic proliferation. Sections of the pons showed only mild subepkndimal gliosis. Sections of the cerebral cortex displayed only a small degree of irregular neuronal loss. Examination of the spleen, bone marrow, liver, and lymph nodes did not reveal the presence of Gaucher cells. Extraction of the liver and spleen with chloroform:methanol (2:l) resulted in a fraction rich in lipids. Thin layer chromatography revealed a normal pattern with no storage of glc-cer (Fig.  1) . Quantitative studies demonstrated that glc-cer was present at the same level found in control tissues (Table 2 ). In addition, the pattern of phospholipids looked normal on thin layer chromatography; however, thin layer chromatography of the non-polar lipids in petroleum ether:diethylether:acetic acid (70:30:1 v/v/v) demonstrated an increase in free fatty acid in the liver but not the spleen of this older patient.
Two samples of brain from this patient were examined by high performance liquid chromatography. In both samples there was a significant concentration of glucosylceramide (0.27 and 0.28 nmole/mg protein). This compares to levels of 0.48 and 1.26 nmole/mg protein in brain samples from two patients who died with acute neuropathic Gaucher disease and undetectable levels in control human brains.
The initial diagnosis of Gaucher disease was made on leukocytes and cultured skin fibroblasts, which demonstrated the P-glucosidase deficiency (Table 1 ). Clinically, the child had neurologic symptoms identical to some patients with juvenile Gaucher disease. Hepatosplenomegaly was not evident. To be certain that the P-glucosidase deficiency was not confined to leukocytes and cultured skin fibroblasts, samples of brain, liver and spleen were homogenized and centrifuged to provide samples for enzymatic studies. We tested three fractions: the total homogenate, the supernatant fraction, and the pellet obtained after centrifugation. The results for the total homogenate and supernatant from brain clearly demonstrate the severe deficiency of ,B-glucosidase activity using natural and synthetic substrates ( Table 3) . The values are in the range found in brains from three other patients with Gaucher disease. As shown in Table 3 , the spleen and liver from this patient also had P-glucosidase levels within the range found in these organs from other Gaucher disease patients who showed storage of glucosylceramide. Similar results were found in the pellet extract (data not shown for reasons of space). When various enzyme fractions were mixed with the same fractions from a control and assayed, only the theoretical activities were obtained. This tends to rule out the presence of an excessive amount of an inhibiting compound in the organs and cultured cells of this patient. All other enzymes checked were normal except P-xylosidase assayed in the presence of sodium taurocholate. This was low, as we have found in other cases of Gaucher disease (20) . The reason for the low level of P-glucosidase activity in all tissue samples and absence of visceral storage of glucosylceramide remains elusive. To determine if cell hybridization with cultured cells from patients with either adult or infantile Gaucher disease could result in complementation of /3-glucosidase activity, fusions between different cell lines were induced with polyethylene glycol. As shown in Table 4 , only theoretical values consistent with a one to one mixture of cell lines were obtained.
DISCUSSION
In this manuscript we describe a patient with a severe neurologic disease who has /3-glucosidase levels consistent with a diagnosis of Gaucher disease. She is the paternal second cousin of a child who died at 32 months with a more acute neuropathic form of this disease (5) . The clinical and EEG findings in the older patient, beginning as ataxia at 2.5 years and to spasticity, mvoclonus. and mvoclonic evile~sy with mild mental retardation o;er the dext 10 >ears, a r e sikifar to those reported in other patients with juvenile Gaucher disease (see references 10 and 11 for a review of the neurologic features of some Gaucher patients). The patient of Maloney and Cumings (8) had many features in common with our patient including seizures, myoclonus, ataxia, spasticity, and progressive mental retardation. Although the liver and spleen were not palpable in their patient, the spleen was found to be enlarged 3-fold at autopsy and histologic examination revealed numerous, closely packed, large cells with foamy cytoplasm and a small, often eccentric, nucleus. The liver had no evidence of lipid storage in the parechyma and only a few cells resembling foamy histocytes in the sinusoids. They found increased levels of glc-cer and phospholipids in the liver, spleen, and kidney. A large number of patients with juvenile Gaucher disease have been described in an area of Sweden (3, 6) . A wide range of clinical symptoms were found, even among siblings; however, all of these patients had splenomegaly and other hematologic signs indicative of hypersplenism.
Parents of the younger child and the father of the older child had ,f?-glucosidase values in leukocytes consistent with the carrier status of Gaucher disease (5) . But the mother of the child described herein had higher /3-glucosidase activities in her leukocytes and fibroblasts than those found in typical carriers of Gaucher disease. The mother could have a mutation in this enzyme not obvious by the usual in vitro tests which require sodium taurocholate for stimulation of glucocerebrosidase activity. When the leukocytes were assayed using a new method, involving the use of an activator protein in place of bile salt (21) , the father of this child had half normal activity and the mother had low normal activity.
Examination of the brain, liver and spleen from this child revealed /3-glucosidase levels in the range found in organs of other patients who died with Gaucher disease. These assays were done using both natural and synthetic substrates. The patient also had a pronounced deficiency of /3-xylosidase activity when assayed with the 4MU substrate in the presence of sodium taurocholate and oleic acid (data not presented). This is consistent with our findings in other patients with Gaucher disease, including the second cousin of this patient (20) . All other lysosomal enzymes assayed were in the control range. Some assays were carried out using the activator protein purified from Gaucher disease spleen in place of bile salts (21) . Again, this patient had enzyme values in cultured skin fibroblasts, brain and spleen consistent with a severe deficiency of /3-glucosidase activity (8-15% of controls) using natural and synthetic substrates. Cell hybridization between cells from this patient and cells from adult and infantile Gaucher disease patients resulted only in the theoretical values (Table 4) . The same occurred when cells from adult and infantile Gaucher patients were hybridized. This technique has been demonstrated to produce 50-7076 multi-nucleated cells and clear evidence for complementation in some forms of P-galactosidase deficiency (18) . The same result was found when the cells were cocultivated without the addition of polyethylene glycol. This could indicate that the mutations in these different clinical types of Gaucher disease are allelic or that the assay in mixtures of unhybridized and unselected hybrids is not sensitive enough to reveal complementation.
The spleen and liver were not enlarged when the child died at 12.5 years. Lipid analysis did not show the expected increase in glucosylceramide despite the low P-glucosidase values. The brain did shown an increase in glc-cer using a sensitive high performance liquid chromatographic technique. The level was lower than those found in brains from two acute neuropathic Gaucher disease patients. Our values for the glc-cer concentration in livers and spleens from Gaucher disease patients and controls are comparable to those previously reported from other laboratories (see reference 4 for a summary of values). Because this patient died at 12.5 years of age, it is possible that storage would have occurred if she had lived longer. Lipid analysis of spleen samples from presymptomatic patients with adult Gaucher disease are not available for comparison.
This manuscript describes a patient who has low P-glucosidase activity in all tissue samples examined, yet does not store glucosylceramide in the visceral organs. She appears to have had a neurologic disorder similar to patients with juvenile Gaucher disease. There have been patients with adult Gaucher disease who have neurologic signs and symptoms presenting later in life (9, 12) ; however, all of those patients have some evidence for splenomegaly and glc-cer accumulation. The father of this patient is the first cousin of a man who had a daughter with a more acute neuropathic form of Gaucher disease, and they both show carrier levels of P-glucosidase activity in their leukocytes (5) . The mother of this patient has P-glucosidase activity in the normal range using the usual assay methods, but may have some decreased activity when assayed with an activator protein stimulated reaction. This child represents a case of subacute neuropathic Gaucher disease without storage of glucosylceramide in her liver or spleen. This is the reverse of most patients with Type 1 Gaucher disease who can have severe liver, spleen, and bone involvement but no obvious neurologic problems. This patient may provide us with important information on the role of P-glucosidase in the development of neurologic symptoms in Gaucher disease.
